Single crystals of inclusion compounds formed between urea and aseries of aliphatic ethers were xirradi ated and studied by electron spin resonance. The stable, x-ray-produced free radicals were all of the general type RCHOR'. The approximate value for the spin density on the carbon atom is 0.70±0.10. The unpaired spm distnbution is discussed in terms of the Hiickel and approximate configuration interaction^--electron molecular orbital models and the valence bond method. The theoretical spin distributions are found tobe in qualitative agreement with the experimental spin distribution.
INTRODUCTION
N the preceding paper,1 the radical
O . II

RHC-CR' was investigated by electron spin resonance (ESR).
This ketone radical is of special interest because it is one of the simplest heteroatom radicals in which each atom contributes one electron to the * system. Radicals in which one atom contributes two electrons to the w system are also of interest, and one of the simplest examples of this type of radical is RHC-OR'. Here the spin density is primarily localized on only two atoms: the oxygen atom and an adjacent carbon atom. In this paper a positive identification of the radical RCHOR' is reported in a series of ether-urea inclusion compounds.2 Approximate values of the carbon and oxygen spin densities are determined from thecouplingconstant data and the spin distribution is discussed in terms of the x-electron molecular orbital and valance bond methods.
EXPERIMENTAL
Toprepare single crystals ofeach inclusion compound investigated, the ether was added slowly to a urea- pound began to precipitate out ofsolution. Theprecipi tate was then redissolved by the addition of a slight excess of methanol, and the solution was cooled slowly from 298°to 273°K over a period of from 36 to 48 h. The resulting crystals were long hexagonal needles. The s axis of each crystal is defined as lying along the needle axis, and the plane perpendicular to the needle axis is referred to as the xy plane. Apparently no crystallographic data has been reported for these ether-urea crystals. The general hexagonal structure of urea inclusion compounds has, however, been shown to be independent of the exact nature of the linear host molecule.4 We may safely assume, therefore, that the ether-urea crystals have the tubular structure charac teristic of organic urea inclusion compounds.5
The ether-urea inclusion compounds are relatively unstable, decomposing in 1-3 h in air at room tem perature. To avoid this problem, the crystals were x irradiated at liquid-nitrogen temperatures and the majority oftheESRspectra were takenwith the sample at <~273°K, rather than at room temperature. Below 273°K the crystals were stable for at least one or two days. A few crystals, x irradiated at 273°, had 273°K ESR spectra identical to those obtained from crystals x-irradiated at 77°K. It appears, therefore, that the 273°K ESR spectra areindependent of the temperature at which the crystals were x irradiated. The other experimental details, including the x-ray tube, X-band ESR spectrometer, and cooling apparatus were the same as employed in II.
RADICAL IDENTIFICATION
To obtain a positive identification of the x-my produced free radicals it was necessary to investigate more than one aliphatic ether. The walls of the tubular cavities hinder intermolecular radical reactions but do not prevent intramolecular radical rearrangements and therefore there are several possible structures for the final radicals produced. Furthermore, the relative mag nitudes of the f-and7-proton coupling constants were 4W. Schlenk, Jr., Ann. Chem. 565, 204 (1949).
6A. E. Smith, Acta Cryst. 5, 224 (1952). not known.6 However, it sufficed to investigate examples of two types of ether molecules; RCH2OCH2R and RCH2OCH3. As examples of the first type, several of the symmetrical ethers were investigated briefly. Single crystals of the inclusion compounds formed between urea and dibutyl ether (di-w-butyl ether), di-w-pentyl ether, di-w-hexyl ether, di-ra-octyl ether, or di-w-decyl ether were prepared and x irradiated. The ESR spectra were qualitatively the same for all five systems. The spectra of dibutyl ether, however, was much more nearly symmetric (suggesting the presence of only one radical), therefore this compound was chosen for further study. The spectra obtained with the magnetic field along the needle axis and perpendicular to the needle axis of the dibutyl ether-urea crystal are given in Fig. 1 .
The methyl octyl ether (methyl M-octyl ether) urea inclusion compound was chosen as an example of a long-chain methyl ether, RCH2OCH3. The spectra ob tained from these crystals at~273°K are shown in Fig. 2 . These spectra result from one anisotropic cou pling constant, two equal and nearly isotropic coupling constants, and three small coupling constants. The small splittings are only resolvedwhen the angle between the magnetic-field vector and the z axis is less thañ 75°. The dibutyl ether-urea spectra, on the other hand, result from one anisotropic proton coupling constant, two equal and nearly isotropic coupling con stants, and two much smaller coupling constants. Again the two small coupling constants are not resolved when the magnetic-field vector is within 15°of the xy plane.
From the consideration of both sets of data it is easily seen that the radicals produced from dibutyl ether and methyl octyl ether are, respectively, CH3CH2CH2CHOCH2 (CH2)2CH3
(1)
8The convention for the labeling of protons {a, /3, 7, f) and Carbon Atoms (Ci, C2, C3) used here is R-
The anisotropic proton coupling constant and the large isotropic coupling constants are the familiar a-and /3-proton coupling constants, a" and aP, respectively. The small coupling constants are associated with the f protons rather than the 7 protons since the spectra of Radicals (1) and (2) exhibit small triplet and quartet splittings, respectively.
In addition to the above inclusion compounds, one othercompound, 1,4-diethoxybutane-urea, was investi gated in order to obtain the value of cfi for a rotating group. The radical of interest for this purpose is CH3CH2OCH2CH2CH2CH2OCHCH3.
The reconstructed stick spectra for this radical, along with the observed ESR spectra, are shown in Fig. 3 . It is clear from Fig. 3 that Radical (3) and at least one other radical are present in the x-irradiated 1,4-diethoxybutane-urea compound. From the magnitude of the splittings of the z-orientation spectrum, the second radical is evidently
CH3CH2OCH2CH2CH2CHOCH2CH3. (4)
No further investigation of Radical (4) was undertaken because, for our purposes, it is essentially equivalent to * a", a^, and aS are the a, (3, and f proton coupling constants, respectively, The coupling-constant data for Radicals (l)-(3) are summarized in Table I .
In addition to the ESR data obtained at 270°K, the methyl octyl ether-urea crystals were investigated over the temperature range from 290°to 40°K. There were no changes in either the line widths or the splittings over the range 290°to 240°K. Around 240°K the spectra began to show signs of broadening and the 82°K ESR lines are significantly broadened (Fig. 2) . Below 80°K the spectral lines appeared to broaden slightly as the temperature was lowered, but the effect was not as pronounced. The over-all width of the 40°K ESR spectra increased~10% over the 270°K value; this is consistent with a decrease in the amplitude of motion about the C2-Ci bonds as the temperature was lowered from 240°to 40°K. There were no rapid changes in the ESR spectra as the temperature was lowered (such as might be caused by a reorientation of the ether radicals) and all temperature effects were reversible.
EXPERIMENTAL SPIN-DENSITY DISTRIBUTION
a. From a-Proton Coupling-Constant Data
It is immediately apparent from Table I that the values of the a-proton coupling constants for all three radicals are the same. Therefore, in addition to identi fying the radicals produced, some general conclusions may be reached regarding the unpaired spin distribution of this class of aliphatic ether radicals. Equation (4) of II will be useful in obtaining the isotropic component, Oq", from the experimental values of axya and a,". First, however, the effect of the dipolar interaction between the a proton and the spin density on the oxygen atom must be estimated. To accomplish this the unpaired spin density on Carbon Atom 2, pC, and the unpaired spin density on the oxygen atom, pOT, are assumed to between theo" and <P are the largest). The estimated errors in j"" and o»j* for the first two radicalsare ±1.5 Mc/sec. aXya and aXy& of the 1,4-diethoxybutane radical are accurate to ±2.0 Mc/sec and the a," and a/ for all three radicals are accurate to within ±2.5 Mc/sec. The accuracy of the small f proton coupling constants are estimated to be ±0.8 Mc/sec. 0 The temperature of the inclusion crystals was maintained at approximately 273°K, while obtaining the data reported in Table I . However, the spectra are relatively insensitive to changes in temperature and variations as great as ±15°K produced no measurable change in the coupling constants.
be associated with the 2p orbitals of the carbon and oxygen atoms, respectively. The a proton is sp* hy bridized and the oxygen atom, Carbon Atoms 1 and 2, and the a proton are coplanar. All of the dipolar matrix elements obtained using the above assumptions may be evaluated according to the method of McConnell and Strathdee.7 In the present work, only the a-proton-pOx interaction was estimated by this method and the tv-proton-pC dipolar tensor elements were taken from the experimental data on the malonic acid radical (pCT^0.90) obtained at zero magnetic field.8
For the numerical calculations, the C-H and the C-0 bond distances were assumed to be 1.08 and 1.35 A, respectively. The oxygen 2p orbital was approximated by a Slater orbital with 2=4.55 and the nondiagonal elements of the spin density matrix were neglected (so that pOr+pC'= 1.0) .9 Using these approximations, the a-proton-pOT dipolar tensor elements were calcu lated, the tensor was transformed to the usual a-proton-pC* coordinate system, and the total contributions to a" were calculated by standard methods.12 The value ofa," andaxya were obtained by assuming motional averaging in the xy plane and integrating over the angular variables in the general expression for a". The resulting equations are not given here because they are space consuming and are not of use in later dis cussions. Values of pC* ranging from 0.5 to 0.9 were substituted into these equations, and in each case the estimate of a0", obtained using Eq. (4) of II and the computed a*,," and ata, was compared with <z0" obtained directly from the initial pC. The net result is that the difference between the value of aB" obtained from Eq. To what extent this spin distribution is effected by molecular motion is difficult to determine quantitatively because of the broadened lines of the low-temperature spectra (Fig. 2) . It is clear that there are no major changes in the width of the spectra over a wide tem perature range. As the temperature islowered the small changes that do occur are in a direction consistent with a decrease in /3-proton motion and inconsistent with an increase in the contribution of the structure RHC-OR' (see valence bond section). That is, the small temperature dependence of the splittings is readily explained in terms of the /3-proton motion, but is much more difficult to explain in terms of a tem perature-dependent spin distribution. This does not provide a complete answer to the question of motion about the C-0 bond, but does strongly suggest that thespin distribution measured is a meaningful approxi mation to the maximum ir-overlap spin distribution.
THEORETICAL SPIN-DENSITY DISTRIBUTION a. Hiickel MO Method
In view of the experimental results, the natural starting point for a discussion of the RCHOR' radical is the^-electron approximation. The two tt molecular is overdetermined. A given spin density may be ob tained using any value of h, provided the proper k is chosen. In other words, thespin density isdetermined 16 These assumptions do not enter into the Huckel calculation explicitly, but theydo, of course, affect the magnitudes of the core integrals in the configuration-interaction calculation. The oxygen atom is undoubtedly hybridized to some extent and Sidman16 has discussed this question for the case of formaldehyde. How ever, the ionization potential, Coulomb integrals, and neutral penetration integral apparently do not depend critically on the degree of core hybridization.16." Hybridization of the carbon atom. ™ay^e more troublesome. In the contributing structure RHC-OR' (see valence bond section), there is an unshared elec tron pair on the carbon atom and this is reminiscent of the nonplanar ammonia molecule. If the carbon atom has a tendency to hybridize in a similar fashion, then the axya, a," and 0? coupling constants might well appear anomalous. Nevertheless, a large nonplanarity of the carbon core would greatly increase the mag The calculated values for pC* are somewhat larger than the experimental value. This is due, in part, to the neglect of the effect of bonding on U0o and Z7cc. For example, in benzene and other hydrocarbons Hush and Pople27 found that the value of Ucc is~-9.5 eV, which is significantly less negative than the valencestate value -11.4 eV. The effect of bonding of the hy drocarbon cr electrons is apparently to decrease the stability of the x electrons.16 For the ether radical the large dipole moments present an added complication.
The ir-electron dipole moment is apparently~1.9± The sum of the a and x contributions may therefore be a moment in the direction C+-0~, and this would increase the stability of the electrons on carbon while decreasing the stability of the electrons on oxygen (through changes in electron repulsion). If this is the case, the net effect is a suppression of the quantity Uoo-Ucc below the valence state value of -5.9 eV.
An arbitrary, but not unreasonable, choice of Uo0-Ucc is -2.5 eV. For this choice (pCT, pCO', pO*) become (0.93, 0.25, 0.07), (0.86, 0.34, 0.14), and (0.79, 0.40, 0.21) for /3=-1.5, -2.5, and -3.5 eV, respectively.
These spin densities are in much better agreement with the experimental values. (The agreement could be further improved if the differences between the cou lomb integrals were also suppressed.)
The approximations employed to obtain these spin distributions are obviously not free from criticism. Nevertheless, the simplified CI theory does predict the correct order of magnitude for the unpaired spin densities (for either choice of U00-Ucc) • Furthermore, if overlap is retained and the Mulliken approximation19 pq=\S(pp+qq) is employed, then the calculated spin If overlap is neglected, pC* is just the square of the coefficient of fae and this is identical to Eq. (13). In other words, pC is a measure of the contribution of the valence bond structure RHC-OR' to the total wavefunction. The CI theory predicts the contribution of this structure to be 95%-80%, which compares favor ably with the experimental value of 70±10%. Similarly, the x-electron charge density is directly related to the contribution of the structure RHC-OR'. By comparing Eq. (25) with Eqs. (13) and (14), the charge densities associated with oxygen and carbon are | pOT | and 1-| pCT |, respectively (which are of the same form as the Huckel MO results). The CI (or VB) theory predicts a 7r-electron polarization of C8_-Oi+ where 0.05< 5< 0.2. The valence bond method is perhaps the easiest to visualize; one readily predicts that the neutral structure (23) contributes to a larger extent than does the polar structure (24). However, the simple Huckel, CI, and VB predictions are all in agreement with the experimental results. 
